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Highly sensitive coulometric detection of















Development of the coulometric microdevice for protein detection based on coulometry coupled with 
silver metallization was presented. Strategies for the enhancement of response signal and optimizations of the 
device were discussed to obtain a highly sensitive detection. This system may be applicable for point-of-care 
diagnostic. 
 
Chapter 1. Introduction 
Along with the advancement progress of healthcare service, the presence of µTAS (Micro Total Analysis 
System) becomes significant as a popular analytical tool for the detection of the diseases (Song et al., 2014; Jung 
et al., 2015; Choi et al., 2011). Among the successful development of lab-on-chip (LOC), electrochemical-based 
devices provide a simple approach for direct on-site analysis. Its characteristics for rapid and accurate detection, 
and low cost fabrication opened up the huge applications in the clinical service. Electrochemical microdevice 
combined with the gold standard detection of the diseases using enzyme-linked immunosorbent assay (ELISA) has 
been extensively studied. Typical high volume of reagents consumed for the analysis of biomolecules has been the 
common problem in the conventional method. Microfluidic technologies solve this problem through formation of a 
reaction chamber in a small-scale volume of reagents consumption. Although the small scale volume in microfluidic 
provide big reduction of volume than a conventional ELISA procedure, further reduction of volume can be realized 
by forming the reagents in a plug form (Linder et al., 2005; Han et al., 2009; Sassa et al., 2008). Formation of 
plug in the range of several microliters until hundreds of nanoliters can be realized than using the solution flow 
format which can consume several tens of microliters reagents.  
A coulometric microdevice for protein detection was developed in this study. Coulometry method was selected 
among other electrochemical methods due to its advantage in analyzing the sample of a minute volume (Sassa et 
al., 2010). However, there was a typical problem arise in conventional coulometry where the background charge 
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increases as time lapses and the output charge from analyte detection was saturated over a long time. In this condition, 
measurement of the charge in a longer time will not give a lower detection limit. If the faradaic current can be 
saturated in a shorter time, the increase of the background will be minimized. To improve the performance of 
previous coulometric microdevice, coupling the coulometry method with metallization shows interesting results 
(Ikemoto et al., 2016). In this system, the redox reactions were located in different chambers on a single electrode. 
The information of analyte was measured by the amount of the deposited metal. This principle comes from the 
concept of mixed potential. Mixed potential is the potential observed when several redox reactions proceed 
simultaneously, and settles at a value at which the sum of the anodic and cathodic currents is zero. Using this 
technique, the profile of the coulometric charge was changed. The background was increased gradually in much 
smaller scale than the conventional coulometry. Interestingly, the response charge was increased rapidly and the 
slope was dropped suddenly in the same level of the background which indicate that the deposited silver on the 
working electrode was removed completely after the coulometry was conducted. 
This study focuses on the development and characterization of microdevice based on coulometry coupled with 
silver metallization for immunoassay purposes. Realization of the LOC device for ELISA which consumed a minute 
volume or reagents is the main interest of this research project. Thorough investigations of the parameters affecting 
the device responses and improvement strategies were assessed to obtain a highly sensitive detection of proteins.  
 
Chapter 2. Coulometric microdevice for high-sensitivity determination of proteins 
Electrochemical based devices are beneficial for the POC diagnostic purpose in the term of low cost fabrication 
and easily combined with microfluidic structure. Microfluidics is utilized for the reduction of the sample 
consumption by minimizing the chamber for the analyte detection. Although typical reagents volume used in 
microfluidics is small, 
processing of solutions in 
the plug can further reduce 
solution volumes. In 
analyzing sample solutions 
of very small volumes, 
coulometry is more 
advantageous than 
amperometry. Coulometry 
observes the accumulated 
charge from the redox 
reactions. However, in 
coulometry, a problem is 
that the background also 
increases as time elapses (Sassa et al., 2010). Coupling coulometry with metallization provides a unique solution 
to this problem (Ikemoto et al., 2016). Using this device, the information of the analyte in one flow channel can be 
obtained from the amount of deposited silver in the other flow channel. Further development of previous 
 
Figure 1. (A) Fabricated device for detection of protein based on coulometry coupled 
with silver metallization. (B) Procedure for forming the solution plug and incubate it onto 
gold electrode with silver metallization. 
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coulometric device coupled with silver metallization for the detection of proteins is the focus on this chapter. 
The device has two flow channels, A and B, where the oxidation of an analyte and reduction of silver ions 
occurs separately and simultaneously (Figure 1A). The flow channels were connected by a liquid junction. 
Rectangular platinum and gold electrodes formed in flow channel A were used for oxidizing H2O2 and immobilizing 
capture antibodies, respectively. Auxiliary flow channel with rhombuses structure was connected to flow channel A 
to measure the volume of a solution plug. Figure 1B shows the procedure for solution plug processing. 
Before conducting ELISA, capture anti-AFP antibodies were immobilized on the gold electrode using a self-
assembled monolayer (SAM) of cysteine. The SAM was formed on the gold electrode in flow channel A. The 
optimum condition for the immobilization was found by binding 5-aminofluorescein to the SAM and measuring the 
fluorescence intensity. 
Figure 2 shows the detection principle of the device. 
Sandwich structures of capture anti-AFP antibodies, AFP, and 
detection anti-AFP antibodies were formed by incubating 
related solutions stepwise (Figure 2, step 1). The flow 
channel was rinsed with PBS after each incubation step. A 
glucose plug was then incubated on the gold electrode. H2O2 
was produced from the enzymatic reaction of GOD 
consuming glucose as a substrate. Next, the plug was moved 
onto the platinum electrode and a AgNO3 solution was 
introduced into flow channel B. H2O2 oxidation (Figure 2.4, 
Step 2-1) and Ag+ ions reduction (deposition of silver) 
(Figure 2.4, Step 2-2) was proceeded simultaneously. Silver 
deposition was conducted for 5 min. Both solutions were 
flushed and the flow channels were washed with distilled 
water. Finally, in flow channel B, a 0.1 M KCl solution was 
introduced, and coulometry was conducted. +0.7 V was 
applied to the working electrode (vs. Ag/AgCl on the chip) 
using potentiostat.  
Incubation times of three solutions for forming SAM 
were optimized. After 60 min, the intensity was saturated. 
From this result, cysteine, carbodiimide, and NHS were each 
incubated for 60 min. To obtain the optimum concentration of 
glucose solution as a substrate, GOD was immobilized on the 
SAM. Glucose plug was incubated on the gold electrode surface and the enzymatic reaction product (H2O2) was 
measured by coulometry. From the result, we decided to use 200 mM glucose solutions. AFP was determined by 
sandwich ELISA method. In this device, immunoreaction site and the region for electrochemical reaction were 
separated to avoid the decreasing activity of platinum electrode because of the SAM formation. Figure 3A shows 
the response charge of AFP sample of different concentrations. Similar with the case of H2O2 detection, the charge 
 
Figure 2. Detection principle using the device. 
After the glucose plug incubated on the gold 
electrode has produced H2O2, the plug moved to the 
platinum electrode (step 1). Oxidation of H2O2 (step 





increased rapidly then the slope decreased rapidly on the same level as the background. This shows that the product 
of the enzymatic reaction 
could be detected with the 
same characteristic. 
Figure 3B shows the 
charge dependence on 
AFP concentration. From 
this calibration plot, the 
calculated detection limit 
was 1.4 ng/mL (3s). Limit 
of detection was improved 
by increasing the 
enzymatic reaction time in 
the final step of ELISA. A 
problem appears when using plug is the evaporation of water inside the PDMS flow channel. Glucose plug shrank 
by 5.1% (n=5) after 30 min incubation. To solve this problem, we replace the plug with the fresh plug every 30 min. 
The coulometric charge changes by increasing the time of enzymatic reaction. The estimated LOD for 120 min 
enzymatic reaction process was 0.4 ng/mL.        
 
Chapter 3. Enhancement of detection sensitivity 
by metal junction 
In this study, the possibility to use the metal wire 
connection as a replacement or alternative for a liquid 
junction was investigated. Interestingly, using the metal 
wire connection opens up the possibility to control redox 
reactions on the other portion of electrode in a one-
electrode system. This possibility was restricted in our 
previous work when using liquid junction (Ikemoto, et 
al., 2016). Figure 4 shows the similar device with our 
previous work with a metal wire connecting the two 
flow channels. When liquid junction was replaced with 
metal junction, there are four reactions occurred in the 
device; oxidation of H2O2, reduction of AgCl, oxidation 
of silver, and reduction of Ag+. In this system, there are 
four electrode potentials (∆𝜓1, ∆𝜓4, ∆𝜓3, and ∆𝜓2) 
with respect to the solutions. This condition differs from 
the previous device where only two electrode potentials appears (Ikemoto, et al., 2016).  
 
Figure 4. Reactions which occurred on each electrode 
positions when using metal junction for connecting two 
flow channels and location of four electrode potentials on 





Figure 3. (A) Response profiles of coulometric charge on different AFP concentrations. (B) 
Charge dependence on the AFP concentration plotted on a logarithmic scale and the data 
plotted on a linear scale (inset). Error bar shows the standard deviation (n=5). 
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The existence of these four electrode potentials allow three conditions in the system to flexibly controlled the 
amount of deposited silver, either decreasing or increasing from the case of using liquid junction (Figure 5). 
Condition 1 represent the case of using liquid junction where working electrode potential in flow channel A (∆𝜓1) 
was same with the working electrode 
potential in flow channel B ( ∆𝜓 2). 
Condition 2 represent the case where ∆𝜓1 
> ∆𝜓 2 and the generating currents 
become larger. Finally, condition 3 
represent the case where ∆𝜓1 > ∆𝜓2 and 
the generating currents become smaller. 
For the enhancement of the detection 
sensitivity than on the case of using the 
liquid junction, we investigate some 
parameters of the device, observe their 
effects on the electrode potentials ∆𝜓 1 and ∆𝜓 2, and finally 
conducting the coulometry procedure to confirm the performance of 
the device (output charge).  
To check the change of electrode potentials (∆𝜓1 and ∆𝜓2) in 
the device, we measure the electrode potentials with respect to 
commercial reference electrode (∆𝜑1 and ∆𝜑2). For the first case, 
working electrode potential in flow channel A (∆𝜑1) with respect to 
commercial reference electrode was measured by placing the 
reference electrode in the right inlet of flow channel A (Figure 6A). 
For the second case, the reference electrode was placed to the right 
inlet of flow channel B (Figure 6B). There were three main 
experiments tested in this chapter. First experiment is changing the 
concentration of analyte in flow channel A. Second experiment is 
modifying one side of the electrode that placed into the electrolyte container in flow channel B. Last experiment is 
replacing the metal junction with the two wires that connected to the external voltage source (Figure 7).  
 
Figure 5. Three conditions that could be obtained when using the metal junction connecting two flow channels. 
 
 
Figure 6. Procedure for measuring the working potential (A) in flow 
channel A and (B) in flow channel B. 
 
Figure 7. Procedure for measuring the 
working potential (A) in flow channel A and 








0.1 M	KCl PVA-SbQ gelwith	0.2	M	KCl
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In the first experiment, we investigated the effect of changing the electrolyte concentration contained in the 
analyte. Here, the concentration of KCl solution contained in the 
analyte of H2O2 solution 
was varied to 0.01, 0.1, and 1 M. Figure 8A shows the electrode 
potential ∆𝜑1 was higher than ∆𝜑2 when using low concentration of 
KCl (0.01 M). The coulometric charge was expected to increase on this 
case. When using 0.1 M KCl, ∆𝜑$ = ∆𝜑&, which is same with the case 
of using liquid junction connecting the flow channel A and flow channel 
B. Finally, when KCl concentration is 1 M, ∆𝜑$ < ∆𝜑& . Next, 
coulometry procedure was conducted. Figure 8B shows these results of 
coulometry using difference KCl concentration in flow channel A. Our 
prediction was confirmed. Using low concentration of electrolyte (KCl) 
in the analyte in flow channel A could shift the mixed potential and 
increase the current, thus increasing the amount of deposited silver on 
the working electrode in flow channel B. However, from Figure 8A it 
can be seen that the difference between ∆𝜑1 and ∆𝜑2 was small (<100 
mV). To obtain more deposited silver under such condition is not 
possible. Due to this reason, further increasing the amount of deposited 
silver by using much lower concentration of the electrolyte in the analyte 
was not preferable.  
From the second experiment, the mixed potential can be shifted to 
increase the amount of deposited silver by modifying one end of the 
metal junction. Nickel or zinc was deposited on one end of the metal 
junction. Standard electrode potentials of nickel (E0 = −0.257 V) and 
zinc (E0 = −0.7626 V) are more negative than silver (E0 = 0.7991 V). 
Replacing the AgCl layer with zinc or nickel increases the oxidation 
 
Figure 9. Dependence of silver deposition 
time with coulometric charges on different 
metal junctions.  
 
Figure 8. (A) Electrode potentials ∆𝜑 1 and ∆𝜑 2 on different KCl 
concentration in flow channel A. (B) Coulometric charge of the device 
when using different concentrations of KCl in flow channel A.  
 
Figure 10. Coulometric charge after 5 
min silver deposition by applying 
external potential from −0.1 V to −0.6 
V.  
 
Figure 11. Dependence of the output 
charge with different H2O2 concentration 
on −0.6 V of applied potentials. 
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reaction in the electrolyte compartment. Response charge from the silver deposition at 1 min, 3 min, 5 min, and 10 
min was tested. Figure 9 shows the results. Modifying one end of the silver wire with zinc gave a much higher 
response than with AgCl and nickel. The coulometric response signals of zinc-modified wire are typically 
unsaturated within short time as in the case of typical signals in coulometry coupled with silver metallization. It is 
considered that a portion of deposited silver was remained on the pinholes working electrode in flow channel B. 
Although the difference between ∆𝜑1 and ∆𝜑2 was much increased in the of zinc which gave high output charge, 
controlling the value of ∆𝜑1 and ∆𝜑2 by careful selection of the appropriate metal to be deposited is still impractical 
and not preferable.  
In the third experiment, the mixed potential wants to be shifted in the higher current by applying a potential 
difference between flow channel A with respect to the flow channel B. From this configuration (Figure 7), when 
the negative potential was applied, the electrons will move on the direction from the Pt working electrode of flow 
channel A to the Pt working electrode of flow channel B. Thus, the silver deposition on the working electrode in 
flow channel B can be increased or accumulated. At first, potential from −0.1 V to −0.8 V were tested for 
deposition of the silver. Potentials lower than −0.6 V have unsaturated coulometric responses. Potential of −0.6 
V give the highest output charge than the potential from −0.1 V to −0.5 V (Figure 10). Longer incubation also 
increased the amount of deposited silver. Detection limit of H2O2 of 2.4 nM was achieved using applied potential 
of −0.6 V for 10 min silver deposition (Figure 11). This detection limit is 10 times higher than our previous work 
(Ikemoto, et al., 2016). Such approach also gave a simpler control to the amount of deposited silver in a coulometry 
coupled with silver metallization. 
 
Chapter 4. Microfluidic device for high-sensitivity coulometric detection of proteins 
From the studies in Chapter 2, there were some possible improvements that can be conducted for protein 
detection to reduce the background and increase the output charge. The background charge shows a higher value 
than that of the detection of H2O2. We consider that it was probably caused by non-specific binding of proteins onto 
the PDMS walls during the incubation process of ELISA. Second problem was the possibility of the loss of proteins 
during the volume measurement of the plug in the rhombus structure in auxiliary flow channel. On the other hand, 
the studies in Chapter 3 shows the possibility to enhance the signal. The reduction of silver ion was enhanced by 
replacing the liquid junction with the 
metal junction. 
There were two optimizations 
conducted for reducing the background; 
optimization of the blocking process of 
BSA was conducted and structure 
modification and optimization of the 
working electrode. The flow channel 
structure for the measurement of the plug 
was also modified in the study of this 
chapter to minimize the loss of proteins 
 
Figure 12. Modification of the device structure for device improvement. 
(A) Device used in Chapter 2. (B) Replacing the rhombuses structure with 
the air vent structure for plug measurement. (C) Changing the working 
electrode shape from rectangular shape to comb-like shape. 
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during the measurement of plug volume. The blocking process using BSA was optimized by a simple fluorescence 
measurement. Flow channel structure for the processing of solution plugs was modified. In this strategy, the 
auxiliary flow channel with rhombuses structure was removed and the plug was measured between two air vents 
(Figure 12B). The working electrode in flow channel A was modified from rectangular shape into comb-like shape 
(Figure 12C). As for the pinholes on the working electrode in flow channel B; the number and diameter of the 
pinholes were optimized. Detection of AFP was tried under the optimized conditions and with optimized structures. 
For further enhancement of the signal, redox cyling technique was integrated. For this purpose, additional electrode 
was formed in flow channel A to create an interdigitated electrode-based redox cycling device.  
As for the optimization of plug volume, the volume was reduced from 3 µL to 1.5 µL. The smaller volume of 
the plug facilitates the accumulation of the enzymatic reaction product. As a result of this modification, the ratio of 
the output charge with respect to the background was improved from 3.8 to 4.9. As for the second optimization to 
replace the auxiliary flow channel with an air vent structure for plug volume measurement, the ratio of the output 
charge with respect to the background was 
improved from 4.9 to 8.6. The result indicates 
that a proportion of proteins were actually lost 
during the measurement in the rhombus 
structures as it is difficult to clean/wash the 
structure sufficiently. Third optimization is 
changing the shape of the working electrode in 
flow channel A from rectangular shape to the 
comb-like structure. From the previous work 
(Sassa et al., 2010), reducing the total area of 
the working electrode while keeping the same sensing region could improve the ratio of output charge and the 
background value. Using the same strategy, the ratio was improved from 8.6 to 18.2, due to the much decreasing of 
the background value. 
Next optimization is for the working electrode in flow channel B. Decreasing the number of microelectrodes 
helps reduce the background charge. Although at a higher 
concentration of analyte the output charge decreases 
significantly, detection at lower concentration shows a 
better performance; output charge vs. background ratio 
increases. Here we tested several numbers of electrodes 
(26, 12, 6, and 2). The optimized number of 
microelectrodes is 2. Better reduction of the background 
also could be achieved by reducing the diameter of the 
microelectrodes. Decreasing the diameter of the 
microelectrodes did not change significantly the output 
charge collected from H2O2 detection. The optimized 
diameter of the pinhole microelectrodes is 3 µm. 
 





Figure 14. Charge dependence of AFP concentrations 




  Detection of AFP was tested using these optimized conditions and combined with the silver deposition 
method by applying potential from external voltage source. Figure 13 shows the detail schematics of the optimized 
device. Metal junction was replaced with the metal wires connected to the potentiostat as an external voltage source. 
Silver deposition was conducted by applying potential –
0.6 V from the voltage source for 10 min. AFP 
concentrations from 1 ng/mL to 10 ng/mL were detected 
(Figure 14). Limit of detection for AFP was 76.7 pg/mL 
(3σ). This result is five times higher than the one achieved 
using the device in Chapter 2 (Anshori et al., 2018). 
Finally, enhancement strategy through redox cycling was 
tested in this study. For this experiment, the structure of 
the device was modified to include additional electrode in 
the sensing area of flow channel A. The enzyme that label 
to the detection anti-AFP was changed from glucose 
oxidase to alkaline phosphatase to produce p-aminophenol 
(PAP); the enzymatic reaction product that can be redox 
cycled. Figure 15 shows the principle of detection. After 
the sandwich structure of the antibody-antigen complex 
was formed, the substrate solution (4-
aminophenylphosphate or PAPP) was introduced and the 
potential was applied on the the working electrode 2 with 
respect to the commercial reference electrode. For the 
preliminary experiment to check the performance of the 
device based on redox cycling technique, detection of PAP 
was conducted. Detection limit of 80 pM was achieved 
using the device based on redox cycling technique. Next, 
AFP detection was conducted from 0.1 ng/mL to 1 ng/mL 
(Figure 16). Detection limit of 19.6 pg/mL (3σ) was obtained. The detection limit was improved 4 times than that 
when using the metal wire connected with external voltage source. From this study, redox cycling technique has 
been successfully integrated with the method of coulometry coupled with silver metallization. 
 
Chapter 5. Summary 
In this Doctor Thesis, development of the coulometric microfluidic device based on coulometry coupled with 
silver metallization has been presented. Enhancement strategies to improve the performance of the system 
were examined. Optimizations of the device to obtain lower background charge and higher output charge were 
also investigated. In the future, hopefully this system can enrich the recent methods of developing protein chips 
for POC diagnostics. 
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